ADDITIONAL INDEX WORDS. fusarium wilt, single nucleotide polymorphism, genotyping by sequencing, quantitative trait locus ABSTRACT. Fusarium wilt of watermelon (Citrullus lanatus), caused by Fusarium oxysporum f. sp. niveum (FON), is a devastating soil-borne disease limiting watermelon production across the world. Although many watermelon cultivars have been bred for resistance to FON races 0 and 1, the only released cultivars that are resistant to FON 2 are nonharvested pollenizers. The lack of FON 2-resistant edible cultivars is thought to be associated with linkage drag and/or preferential inheritance patterns observed when crossing the resistant, wild source (Citrullus amarus), with edible watermelon. A potential way to overcome these obstacles is to use a resistant C. lanatus as the source of resistance and to develop molecular markers to increase the efficiency of selection. Here we describe the identification of a quantitative trait locus (QTL) associated with FON 2 resistance in watermelon. The genotyping by sequencing (GBS) platform was used to generate single nucleotide polymorphisms (SNPs) in an F 2 population (n = 178) developed from a cross between UGA147 (resistant) and 'Charleston Gray' (susceptible). Five hundred and one SNPs were placed on the watermelon physical map and used in the mapping of QTL. F 3 lines were phenotyped for resistance to FON 2 in the greenhouse. An intermediate QTL associated with resistance to FON 2 was identified on chromosome 11 (Qfon11). This QTL is a potential target for marker-assisted selection (MAS) for FON 2 resistance in watermelon.
Watermelon is a widely cultivated crop of the Cucurbitaceae family, popular for its sweet flesh and edible seeds (AchiganDako et al., 2008; Edelstein and Nerson, 2002; Robinson and Decker-Walters, 1997) . The intense selection during watermelon domestication has led to low genetic diversity in the cultivated genotypes (Guo et al., 2013; Hawkins et al., 2001a; Levi et al., 2001) . Genome sequencing of wild and cultivated Citrullus detected a loss of disease resistance genes in cultivated material (Guo et al., 2013) . Therefore, watermelon crop wild relatives [CWR (Maxted et al., 2006) ] are expected to be useful sources of pest and disease resistance for watermelon cultivar development. Indeed, numerous studies have identified resistance to watermelon pests and diseases in CWR (Boyhan et al., 1992 (Boyhan et al., , 1994 Davis et al., 2007; Gusmini et al., 2005; Netzer and Martyn, 1989; Sowell, 1975; Sowell et al., 1980; Strange et al., 2002; Tetteh et al., 2010; Thies and Levi, 2007; Wechter et al., 2012a) . However, the incorporation of resistance loci from CWR is not without obstacles.
The use of CWR in breeding is hampered by their poor agronomic traits, which can make the process of incorporating desired genes into elite material, without introgressing unwanted genes, long and tedious. For watermelon, there have been numerous efforts to incorporate disease resistance from C. amarus [previously C. lanatus var. citroides (Chomicki and Renner, 2015; Paris, 2015) ] into elite material. The efforts associated with introgressing fusarium wilt resistance have been particularly successful on one hand (race 1), and frustrating on the other (race 2).
Fusarium oxysporum f. sp. niveum is a soil-borne pathogen that causes vascular wilting in watermelon, often resulting in yield reduction and crop failure (Everts and Himmelstein, 2015; Martyn, 2014) . Four FON races have been described (0, 1, 2, and 3) based on their virulence or the ability to overcome specific resistance in a set of differential cultivars (Bruton et al., 2007 Egel et al., 2005; Zhou et al., 2010) . The ability of the pathogen's chlamydospores to persist in the soil for a long time, combined with the rapid evolution of its races has rendered the management of fusarium wilt difficult. Until recently, soil fumigation with methyl bromide was a popular management practice for fusarium wilt; however, this chemical has been phased out due to environmental concerns. The use of resistant cultivars is the most preferred management method for fusarium wilt (Bruton et al., 2007; Martyn and Netzer, 1991; Zhou and Everts, 2001 ). Since William Orton developed the first fusarium wilt resistant cultivar, Conqueror, using a wild C. amarus as the resistance source (Orton, 1907 (Orton, , 1917 , numerous cultivars with resistance to FON races 0 and 1 have been developed (Martyn, 2014 for review) . In particular, the resistance to FON 1 in the cultivar Calhoun Gray has been extensively used in watermelon breeding and many modern cultivars contain this resistance (Everts and Himmelstein, 2015) . Several recent molecular studies have shown that Fo-1 is associated with a major QTL (Qfon1.1; R 2 = 23% to 60%) on chr. 1 (Lambel et al., 2014; Meru and McGregor, 2016; Ren et al., 2015) of the watermelon draft genome (Guo et al., 2013) .
High resistance to FON races 0, 1, and 2 was described in 1991 in PI 296341-FR (Martyn and Netzer, 1991; Zhang and Rhodes, 1993) . Resistance to FON 1 in PI 296341-FR is reported to be associated with the same QTL region on chr. 1 (Qfon1.1) that confers resistance in 'Calhoun Gray' (Ren et al., 2015) . Resistance to FON 2 in PI 296341-FR is thought to be polygenic and controlled by at least a pair of recessive genes in epistasis with other minor genes (Martyn and Netzer, 1991; Zhang and Rhodes, 1993) . Two QTL, one on chr. 9 (R 2 = 13.7%) and the other on chr. 10 (R 2 = 12.5%) are associated with this resistance (Ren et al., 2015) . Despite the identification of PI 296341-FR as a source of resistance to FON 2 more than 25 years ago, there are no sweet-fleshed watermelon cultivars with resistance to FON 2 currently available to growers, likely due to a combination of linkage drag, the genetic background of the donor, and the quantitative nature of the resistance. PI 296341-FR is a selection from a C. amarus accession with hard, nonsweet, white flesh (Martyn and Netzer, 1991) . Severe segregation distortion, including preferential inheritance of C. amarus alleles (Hawkins et al., 2001b; Levi et al., 2011; McGregor and Waters, 2013; Sandlin et al., 2012) and low pollen fertility (McGregor and Waters, 2013) have been observed in crosses between C. lanatus and watermelon.
The resistance from PI 296341-FR has been incorporated into the nonharvested Super Pollenizerä series from Syngenta (Syngenta Seeds Inc., 2009), but efforts to introgress the resistance into sweet, edible cultivars have not been successful to date. The lack of success incorporating resistance from PI 296341-FR suggests that breeders face serious challenges when incorporating quantitative traits, not associated with major QTL, from C. amarus into elite germplasm.
Additional sources of FON 2 resistance have been described in C. amarus (Boyhan et al., 2003; Dane et al., 1998; Martyn and Netzer, 1991; Wechter et al., 2012a Wechter et al., , 2012b . Generally, the basis of these resistances are not well understood, but is thought to also be polygenic. It remains to be seen whether resistance introgression from these accessions will face the same challenges as PI 296341-FR.
One way to circumvent the challenges encountered with resistance introgression from C. amarus, is to introgress resistance from a source genetically closely related to the elite watermelon material. Boyhan et al. (2003) identified a number of watermelon accessions in the U.S. Department of Agriculture (USDA) germplasm collection with resistance to FON 2 with pink or red flesh (USDA, 2016) . These accessions provide a potential path to FON 2 resistance introgression circumventing the problems associated with introgression from C. amarus. The efficiency of trait introgression can also be improved by the use of MAS. The first step toward the use of MAS for quantitative traits is to identify loci associated with the trait of interest. The aim of the current study was therefore to identify QTL associated with FON 2 resistance in a watermelon accession of the C. lanatus type.
Materials and Methods
PLANT MATERIAL AND DNA EXTRACTION. The FON 2 resistance source used in this study is UGA147, a resistant selection originating from PI 169233 (Boyhan et al., 2003) . UGA147 has variable pink and yellow flesh color and soluble solids concentration (SSC) between 7% and 8%. A cross was made in the greenhouse between UGA147 and 'Charleston Gray' (susceptible). A single F 1 plant was selfed to yield F 2 plants which were further selfed to generate 178 F 2:3 families. DNA was extracted from leaf material of the parents, the F 1 and each of the F 2 plants using the E.N.Z.A 96-well format kit (Omega Bio-tek, Norcross, GA) according to the manufacturer's instructions. The concentration and quality of the DNA was determined by absorbance measurements Fig. 1 . Frequency distribution for disease severity at 26 d after inoculation for the (A) April, (B) July, and (C) joint screening of the 'Charleston Gray' (CG) · UGA147 F 2:3 watermelon population with Fusarium oxysporum f. sp. niveum race 2. Disease severity was visually rated on a scale of 0 to 5 where, 0 = asymptomatic plants, 1 = initial wilting on one leaf, 2 = continued wilting in more than one leaf, 3 = all leaves wilted, 4 = all leaves wilted and stem collapsing, and 5 = dead plants (Meru and McGregor, 2016) .
(Infinite M200 PRO; Tecan Group, M€ annedorf, Switzerland) and by agarose gel electrophoresis. To ensure that the quality of the extracted DNA was sufficient for digestion with restriction enzymes, samples of the DNA extracted were digested using EcoRI (New England Biolabs, Ipswich, MA). GBS, SNP ANALYSIS, AND MAP CONSTRUCTION. Genotyping of the parents, F 1 and 178 F 2 plants was carried out using GBS (Elshire et al., 2011) at the Institute for Genomic Diversity (IGD), Cornell University, Ithaca, NY. The DNA was digested using ApeKI-restriction enzyme and fragment alignment and SNP calling performed using the GBS reference pipeline in TASSEL, version 3.0.160 (Bradbury et al., 2007 . The watermelon draft genome from cultivar 97103 was used as a reference genome (Guo et al., 2013) . The generated SNP calls in HapMap format provided by IGD were filtered in Excel (Microsoft, Redmond, WA) for missing data (with up to 70% missing data), polymorphism between the mapping population parents and segregation distortion (P < 0.00001). Based on this criterion, 501 SNPs were placed on the physical map (Guo et al., 2013) and used for QTL mapping. Meru and McGregor (2016) previously showed that comparable results were obtained when using the physical (markers ordered according to their physical positions) or genetic map to identify QTL associated with FON 1 resistance in watermelon.
FUNGAL INOCULUM PREPARATION. FON 2 (isolate 04-04122, provided by B. Bruton), was grown (14/10 h dark cycle) on quarter-strength potato dextrose agar (Becton, Dickinson and Company, Franklin Lakes, NJ) for 12 d and 1-cm 2 agar plugs were transferred into 250-mL erlenmeyer flasks containing 100-mL potato dextrose broth (Becton, Dickinson and Company) . The fungal cultures were grown (14/10 h light/dark cycles) on a shaker (Mini-Orbital; Henry Troemner, Thorofare, NJ) at 200 rpm for 10 d and the inoculum filtered through four layers of sterile cheese cloth. The microconidial concentration was determined using a hemacytometer (Hausser Scientific, Horsham, PA) and adjusted accordingly using sterile water.
PHENOTYPING. Disease screening was carried out in the greenhouse in Apr. 2014 and in July of the same year. In addition to the parental materials ('Charleston Gray' and UGA147), the F 1 and 178 F 2:3 lines, the following controls were included: 'Sugar Baby' (susceptible), 'Calhoun Gray' (susceptible), 'SP-6' [resistant (Syngenta, Basel, Switzerland)], and USVL252-FR2 [resistant (Wechter et al., 2012b) ]. Disease screening experiments were performed as described previously for QTL mapping of FON 1 resistance (Meru and McGregor, 2016) , but using a spore concentration of 5 · 10 5 spores/mL. The lower spore concentration was used to slow down disease development to improve discrimination among F 2:3 lines. Briefly, watermelon seeds were sown in cells (5.98 · 3.68 · 4.69 cm) filled with steam-pasteurized sand:peat:vermiculite (4:1:1) amended with 14N-4.2P-11.6K controlled-release fertilizer (Osmocote; Scotts, Marysville, OH). At the first true leaf stage, the cell trays with seedlings were immersed in inoculum contained in plastic tubs for 15 min. For each disease screening experiment, four seeds of each cultivar/line were sown per replication with a total of three inoculated replications in a randomized complete block design. One additional replication was mock inoculated.
Plants were evaluated 26 d after inoculation for symptom severity on a scale of 0 to 5 with a score of 0 representing asymptomatic plants, a score of 1 for plants showing initial wilting on one leaf, a score of 2 for plants showing continued wilting in more than one leaf, a score of 3 for plants with all the leaves wilted, a score of 4 for plants with all leaves wilted and stem collapsing, and a score of 5 for dead plants (Meru and McGregor, 2016) . Pearson pairwise correlations (r), Spearman rank order correlation (r s ), and the Shapiro and Wilk test for normality (Shapiro and Wilk, 1965) were calculated in JMP Ò Pro (version 12.1.0; SAS Institute, Cary, NC).
QTL DETECTION. The detection of QTL was performed using composite interval mapping (CIM) with a 10-cM window in WinQTL Cartographer, version 2.5 (Wang et al., 2011 ) and a walk speed of 1 cM. The standard model (Model 6) was used for CIM analysis and the statistical significance of a QTL determined by likelihood-odds (LOD) thresholds set by 1000 The position of the quantitative trait loci on the chromosome (Guo et al., 2013 permutations (a = 0.05) (Churchill and Doerge, 1994) . The QTL was visualized using MapChart 2.2 (Voorrips, 2002) .
Results and Discussion
PHENOTYPIC ANALYSIS. The distribution of the F 2:3 progeny in both screens fit a normal distribution (Fig. 1) . Symptom development in the April screen was less severe (mean disease score in F 2:3 population 2.27, mean of controls = 2.4) than the symptom development in the July screen (mean disease score in F 2:3 population 3.82, mean of controls = 3.20). The joint (averaged over both screens) disease severity score for UGA147 was 1.9, whereas the joint score for 'Charleston Gray' was 3.4 (Fig. 1) . This was consistent with the scores of the other resistant ('SP-6' = 2.0 and USVL252-FR2 = 2.3) and susceptible controls ('Sugar Baby' = 3.8 and 'Calhoun Gray' = 3.4). It should be noted that the averages for USVL252-FR2 was skewed higher by a small number of individual plants that succumbed to disease while the majority were very resistant (data not shown), suggesting that this line was still segregating for resistance. The F 1 plants (3.0) were intermediate, but skewed toward the susceptible parent (Fig. 1) . Transgressive segregation was observed in both directions (more resistant than resistant parent and more susceptible than susceptible parent) (Fig. 1) .
The correlation between the two screens for the population was low (r = 0.18), but still significant (P < 0.05). This correlation is lower than what was observed for FON 1 screening (r = 0.63 to 0.70) using the same methodology (Meru, 2014) . This difference may be due to the genetic control of the traits. FON 1 is controlled by a major gene and therefore a smaller number of F 2:3 plants are needed to give an accurate estimate of the F 2:3 family means, whereas FON 2 is thought to be controlled by multiple genes with small effects, which would require a larger number of F 2:3 plants. Therefore, the 12 plants per line in the individual screens might not be large enough to get an accurate estimation of the family mean for FON 2 in the individual screens. If this is the case, one would still expect the correlation between the controls to be high. The calculated correlation between disease severity scores of the control cultivars was indeed high (r s = 0.71), but nonsignificant, possibly due to the small sample size (n = 7). Unfortunately, other FON QTL mapping studies in watermelon used only single phenotypic screens (Lambel et al., 2014; Ren et al., 2015) , so it is not possible to reach a definitive conclusion regarding the repeatability of FON screens and its effect on QTL identification. We therefore present QTL mapping results from both separate and joint analysis.
GBS, SNP ANALYSIS, AND MAP CONSTRUCTION. In this study, GBS analysis generated a total of 1,963,049 tags of which 1,604,031 (81.7%) aligned to unique positions, 85,763 (4.4%) aligned to multiple positions, whereas 273,255 (13.9%) could not be aligned to the watermelon reference genome (Guo et al., 2013) . The number of tags generated with ApeKI restriction enzyme exceeded those generated from elite · elite F 2 populations by Lambel et al. [2014 (527,844 tags) ] and Meru and McGregor [2016 (933,662 tags) ] with the same enzyme.
Analysis of the tags aligning to unique positions revealed 23,286 HapMap SNP calls, a number similar to that (20, 889) reported by Meru and McGregor (2016) in a F 2 population generated from a cross between 'Calhoun Gray' and 'Sugar Baby'. Of the 23,286 SNPs, 30.78% (7165) were found to be polymorphic between UGA147 and 'Charleston Gray'. The number of polymorphic SNPs in this study is higher than that [28.66% (5986) ] found between 'Calhoun Gray' and 'Sugar Baby' (Meru and McGregor, 2016) . The difference in the number of polymorphic SNPs between the two studies is expected because UGA147 · 'Charleston Gray' represents a wider cross than 'Calhoun Gray' · 'Sugar Baby' cross.
The 23,286 HapMap SNP calls were filtered according to missing data points, polymorphism between mapping population parents and segregation distortion. Polymorphic SNPs with up to 70% missing data and segregation distortion (P < 0.00001) were allowed on the physical map to ensure good coverage of the genome. As expected with the GBS method, large amounts of missing data were observed due to low coverage of reads resulting from pooling of samples in a single sequencing lane (Barba et al., 2014) . Following the described criterion, 501 SNPs were placed onto the physical map (Table  1 ) and used for QTL mapping (Meru and McGregor, 2016) .
QTL DETECTION. Data for the two screens were mapped separately and jointly and consistently revealed the same intermediate QTL associated with resistance to FON 2 on chr.11 (Table 2; Fig. 2 ). The resistant allele was contributed by the resistant parent (UGA147) and explains a similar amount of phenotypic variation (R 2 between 9.6% and 16.2%) as the QTL for FON 2 resistance (R 2 values of 12.5% and 13.5%) reported Fig. 2 . Quantitative trait loci (QTL) associated with resistance to Fusarium oxysporum f. sp. niveum race 2 on chromosome chr. 11 identified by composite interval mapping in the 'Charleston Gray' · UGA147 F 2:3 watermelon population. Data are for separate (April and July) and joint analysis of the two screens for 26 d after inoculation. The number in parenthesis after the QTL trait name is the percentage of phenotypic variation explained. The boxes represent the 1-likelihood-odds (LOD) interval and the whiskers the 2-LOD interval for QTL. The partial chromosome is shown and the numbers on the left correspond to the megabase position on the watermelon draft genome (Guo et al., 2013) . The underlined locus names are resistance genes underlying the identified QTL. The figure was generated using MapChart, version 2.2 (Voorrips, 2002) .
in PI 296341-FR by Ren et al. (2015) . The detection of QTL with minor and intermediate effects is common for disease resistance traits (Kou and Wang, 2010) , and has been reported for Fusarium species infecting wheat [Triticum aestivum (Lv et al., 2014) ] and chickpea [Cicer arietinum (Sabbavarapu et al., 2013) ]. The size of the QTL effect identified in the current study underline the challenges breeders face when breeding for FON 2 resistance, since multiple loci will likely need stacking to obtain field level FON 2 resistance. The contribution of several QTL with small effect is also the probable reason why researchers have had difficulties fixing the resistance in PI 296341-FR (Everts and Himmelstein, 2015; Martyn, 2014; Zhao et al., 2005) and USVL252-FR2. We are observing similar results in our attempts to fix resistance in UGA147 (data not shown). The chromosomal regions underlying the 2-LOD interval of the identified QTL contain several resistance genes (Fig. 2) . Three receptor-like kinase pathogen-related genes, Cla016650, Cla016557, and Cla016488 (Guo et al., 2013) , were found underlying the Qfon11 region. Receptor-like kinase genes play an important role in pathogen defense by acting as sentinels in both broad-spectrum and race-specific plant responses (Goff and Ramonell, 2007) . These genes are potential candidates for investigation of the molecular mechanisms underlying resistance to FON 2 in watermelon.
UGA147 AS A SOURCE OF RESISTANCE TO FON RACE 2. The QTL identified in the current study accounts only for a small percentage of phenotypic variation observed in the population. This suggests that additional genetic factors, not identified in the current study, are involved in resistance against FON 2 in UGA147. Future research will include increasing the population size and advancing the population to recombinant inbred lines in an effort to identify such additional loci.
UGA147 is a potentially useful source of FON 2 resistance since it lacks many of the undesirable traits associated with C. amarus resistance sources. In addition to having a desirable pink-yellow flesh and moderate SSC, intraspecific crosses between UGA147 and elite material are easily accomplished, and progeny fertility appears normal. Therefore, it is expected that introgression of resistance loci from UGA147 will be less cumbersome than from other CWR sources.
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